Abstract-Multiport antennas are widely used and often integrated with active components, such as low noise amplifiers, in antenna systems. It is important to verify and evaluate the radiation efficiency of a multiport antenna before being integrated in the system. When the radiation efficiency of a multiport antenna is measured, a multiport feeding network is always needed in order to provide the same antenna excitation as it is during its operation after being integrated in the system. This letter addresses how to measure the radiation efficiency of a multiport antenna excluding the losses in the feeding network used for the measurement, particularly when the impedance match between the antenna and the feeding network is not perfect. A rigorous feeding network correction approach is introduced by using measurement data of the radiation efficiency of the whole antenna with feeding network and the -matrices of both the feeding network and the antenna. As an example of this approach, the radiation efficiency of a multiport Eleven antenna has been determined and verified against the simulated results.
I. INTRODUCTION

M
ULTIPORT antennas have been used in many applications for many years, such as in phased array antennas and multiple-input-multiple-output (MIMO) antennas [1] - [3] .
With the development of integrated circuit technologies, multiport antennas are more and more integrated with amplifiers, phase shifters, and other devices to have compact, low-loss, and multifunctional antenna systems. The cryogenic Eleven feed system [4] - [8] , developed for future radio telescopes, is one of the examples of such systems. There are also other multiport antenna systems as candidates for future radio telescopes, such as the improved quadruple-ridged flared horn [9] , the sinuous antenna [10] , and the quasi self-complementary antenna [11] .
It is often required, particularly for integrated antenna systems in radio telescopes, that the radiation efficiency of a multiport antenna, excluding the losses in the feeding network, should be measured before being integrated in the system.
The radiation efficiency of a multiport antenna consists of two factors: the ohmic losses in the antenna itself and the so-called decoupling efficiency that accounts for power returned to nonexcited ports, as defined in [12] (note that here corresponds to in [12] ). Both factors depend on the excitations provided by feeding networks. Different excitations lead to different values of these two factors, therefore different radiation efficiency, for the same antenna. A feeding network that can provide the same excitation as in the final system is therefore needed for the test purpose. However, the test feeding network is often built up of commercially available components in order to reduce the development cost. The losses in the test feeding network could be large, and the impedance match between the antenna and the test feeding network could be far from the perfect case. Thus, it is not a trivial task to obtain the radiation efficiency of a multiport antenna excluding the losses in feeding network.
We present here a rigorous feeding network correction approach for obtaining the radiation efficiency of a multiport antenna. This method uses measurement data of the total radiation efficiency of a multiport antenna with a multiport feeding network, the -matrices of the feeding network and the antenna, to calibrate out the losses in the feeding network. As an example, a four-port dual-polarized 2-13-GHz Eleven antenna has been measured to determine the radiation efficiency.
For simplicity, the feeding network in the letter has singleinput-multiple-output (SIMO) ports. It should be noted that the method is also valid for MIMO feeding network by a little extension of the formulas.
II. FORMULATION Fig. 1 shows the block diagram of a general multiport antenna with a multiport feeding network. By multiport antenna, we refer to the multiport antenna without feeding network in this letter. The total radiation efficiency of the whole antenna system with the feeding network is defined as (1) where is the total radiated power from the antenna and is the input power. The radiation efficiency of the multiport antenna can be expressed as (2) which measures both the ohmic losses and the decoupling efficiency to nonexcited ports in the multiport antenna.
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where is the -parameter of the feeding network from port to port .
Similarly, the multiport antenna can also be expressed by an -matrix as (5) where
From Fig. 1 , we have Therefore, from (3), (5), and (7), we can obtain (8) where is the identity matrix. Therefore, can be expressed as (9) Thus, the radiation efficiency of a multiport antenna can be calculated by measured data of the total radiation efficiency and -matrices of the feeding network and the multiport antenna.
An approximate method was used in [5] to determine the radiation efficiency, where a perfect impedance matching was assumed between the antenna and the feeding network, i.e., , which leads from (9) to (10) The above expression corresponds to the case that the radiation efficiency of a multiport antenna is approximately equal to the total radiation efficiency of the antenna with the feeding network subtracted by the insertion loss of the feeding network.
III. MEASUREMENT EXAMPLE-RADIATION EFFICIENCY OF THE MULTIPORT ELEVEN ANTENNA
The Eleven antenna is a compact multiport decade-bandwidth antenna [4] - [8] . The antenna with the passive balun solution [13] is used for verifying the present method. This Eleven antenna can be integrated with two ultrawideband (UWB) passive power combiners and two UWB single-ended low noise amplifiers (LNAs) to make two output ports, one for each polarization. For each polarization, the Eleven antenna is a two-port antenna, and the feeding network is a 3-dB power combiner. The block diagram is shown in Fig. 2 . 
A. Simulation Model
For the sake of the verification, a simulation model of the Eleven feed has been built up in CST MWS [14] , as shown in Fig. 3 . For the detailed design of the antenna and the baluns, refer to [5] and [13] .
The annealed copper ( S/m) is used for all metal parts in the antenna model. The printed circuit boards used for the antenna petals and the baluns are modeled on the substrate of Rogers TMM3 ( , , ). All ohmic losses are therefore implemented in this model. Ports and are excited simultaneously with the same amplitude and phase, while ports and are nonexcited ones, equivalent to being terminated with matched loads. Then, the radiation efficiency of the antenna, without the need of including a feeding network in the model, can be obtained by the simulation in CST.
B. Measurement
The total radiation efficiency of the Eleven antenna with the power combiner, including the mismatch factor, was measured in the Bluetest reverberation chamber [15] ; see the setup in Fig. 4 (left) and the result (the solid line) in Fig. 7 . Note that the remaining two ports of the Eleven antenna for the other polarization are terminated with 50 loads. Therefore, the total radiation efficiency includes also the loss leaked to the orthogonal polarization (the decoupling efficiency to nonexcited ports).
The reverberation chamber technology is a fast and economical solution to the so-called over-the-air (OTA) testing for both active and passive antenna devices. It provides accurate and reliable measurements for different antenna characteristics, including the radiation efficiency. Please refer to [16] and [17] for the details. In this letter, the radiation efficiency measurement was performed for the frequency range of 2-8 GHz due to the limitation of the operation frequency band of the chamber.
The -matrixes ( , , , ) of the power combiner (the feeding network) and the -matrix ( ) of the twoport linearly polarized Eleven antenna were measured by using a vector network analyzer (Agilent E8363B PNA). All ports of the power combiner and the Eleven antenna are 50-SMA connectors. Figs. 5 and 6 show the measured data.
The radiation efficiency of the Eleven antenna is then calculated based on the measured data by using (9) , shown in Fig. 7 . The approximate value defined by (10) is presented here for the sake of comparison. Note that a 50-MHz frequency stirring is used for both the curves. For the details of frequency stirring, refer to [18] and [19] . The simulated radiation efficiency of the antenna by using CST is also shown in the figure as the reference for the accuracy evaluation.
From Fig. 6 , it can be seen that the matching between the antenna and the feeding network is not always good over the band. However, despite the nonperfect matching, it can be observed in Fig. 7 that the losses introduced by the multiport feeding network can be extracted accurately by using the present method. The radiation efficiency obtained by the present method agrees very well with the simulated data. Compared to the approximate value , the improvement of the measurement accuracy is between 0.2 and 0.7 dB.
It should be noted that the fluctuation of the measured total radiation efficiency of the whole antenna including the feeding network is caused by the characteristic of the reverberation chamber measurement technology, where the number of cavity modes plays a major role for the uncertainty (fluctuation) of the measured data [17] .
IV. CONCLUSION
A rigorous feeding network correction method for determining the radiation efficiency of a multiport antenna based on measurements has been presented. This method removes the losses in the multiport feeding network from the total radiation efficiency, when there are multiple reflections between the antenna and the feeding network due to the mismatch between them. As an example, the measurement results of the radiation efficiency of the Eleven antenna have shown that despite of the impedance mismatch, the radiation efficiency can be obtained accurately by using the present method.
